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NOMENCLATURE 


ALPHA 

HO 

l 


M-INF 

P 

P-INF 

PO 

POP,  PREF 
Q-INF 

Q 

QO,  QREF 

R 

RB 

RE/FT 

RN 

S 

ST 

T-INF 

TO 

T 

v 

TIME 

V-INF 


Model  angle  of  attack,  deg 

Total  enthalpy  of  gas,  Btu/lbm 

Axial  model  length  (Sharp) 

Axial  model  length  with  blunt  nose, 
measured  from  stagnation  point,  In. 

Axial  length  of  nose  only,  measured  from 
stagnation  point, .in.  (see  Fig.  4) 

Free-stream  Mach  number 

Model  pressure,  psia 

Free-stream  static  pressure,  psia 

Reservoir  pressure,  psia 

Total  pressure  behind  the  normal  shock,  psia 

Free-stream  dynamic  pressure,  psia 

2 

Heat-transfer  rate,  Btu/ft  -sec 

Stagnation  heat-transfer  rate  on  a hemi- 
sphere cylinder  referenced  to  0.589-in.  radius 

Gas  constant 

Model  base  radius,  in. 

Free-stream  unit  Reynolds  number,  per  ft 
Model  nose  radius,  in. 

Surface  distance  measured  from  stagnation,  in. 

Stanton  number  based  on  QO 

Free-stream  entropy 

Free-stream  static  temperature,  °R 

Reservoir  temperature,  °R 

Model  wall  temperature,  °R 

Test  section  time,  msec 

Free-stream  velocity,  ft/sec 

Model  circumferential  angle,  deg 


2 


1.0  INTRODUCTION 


The  work  reported  herein  was  conducted  by  the  Arnold  Engineering 
Development  Center  (AEDC) , Air  Force  System  Command  (AFSC) , at  the  re- 
quest of  the  Space  and  Missile  Systems  Organization  (SAMSO/RSSE)  under 
Program  Element  6331  IF.  Mr.  Elton  Thompson  of  AEDC/DOTR  was  the  project 
monitor.  The  results  of  the  test  were  obtained  by  ARO,  Inc.,  AEDC 
Division  (a  Sverdrup  Corporation  Company),  contract  operator  of  AEDC, 

AFSC,  Arnold  Air  Force  Station,  Tennessee,  under  ARO  Project  Number 
V41F-56. 

The  test  were  conducted  in  the  Hypervelocity  Wind  Tunnel  (F) , von 
Karman  Gas  Dynamics  Facility  (VKF) , AEDC  from  July  13,  1978  through 
Aug.  16,  1978.  The  test  objective  was  to  measure  transition  position 
on  various  configurations  using  several  types  of  boundary  layer  trips. 

The  tests  were  conducted  at  a nominal  free-stream  Mach  number  of  9 and 
over  a free-9tream  Reynolds  number  range  from  0.5  x 10®/ft  to  20  x 10^/ft. 
Inquiries  for  copies  of  the  test  data  should  be  directed  to  AEDC/DOTR, 
Arnold  AFS,  Tennessee,  37389.  A microfilm  record  has  been  retained  in 
the  VKF  at  AEDC. 


2.0  APPARATUS 


2 . 1 WIND  TUNNEL 

The  Hypervelocity  Wind  Tunnel  F (Fig.  1 ) Is  an  arc-driven  wind  tunnel 
of  the  hotshot  type  (Refs.  1 and  2)  and  capable  of  providing  Mach  numbers 
from  about  7 to  13  over  a Reynolds  number  per  ft  range  from  0.2  x 10^  to 
50  x 10^.  Tests  are  conducted  in  a family  of  three  contoured  nozzles. 

The  three  axisymmetric,  contoured  nozzles  have  25-in.,  40-in.,  and  4B-in. 
exit  diameters,  which  connect  to  the  54-in. -diam  test  station  and  provide 
a free-jet  exhaust  (Fig.  2).  The  test  gas  for  aerodynamic  and  aerothermo- 
dynamic  testing  is  nitrogen.  Air  is  used  for  combustion  tests.  The  test 
gas  is  confined  in  either  a 1.0-cu-ft,  2.5-cu-ft,  or  a 4.0-cu-ft  arc- 
chamber  where  it  is  heated  and  compressed  by  an  electric  arc  discharge. 

The  increase  in  pressure  results  in  a diaphragm  rupture  with  the  subsequent 
flow  expansion  through  the  nozzle.  Test  times  are  typically  from  50  to 
200  msec.  Shadowgraph,  schlieren,  and  holography  coverage  is  available  at 
the  54-in.  diam  test  station. 

This  te9t  was  conducted  using  the  40-In.-exIt-diam  contoured  nozzle 
in  the  54-in. -diam  test  section  to  obtain  a nominal  free-stream  Mach  number 
of  9.  A tunnel  installation  sketch  is  presented  in  Fig.  3.  Nitrogen  was 
the  test  gas.  The  4-cu-ft  arc  chamber  was  used,  and  useful  test  times  up 
to  approximately  100  msec  were  obtained.  Because  of  the  relatively  short 
test  times,  the  model  wall  temperature  remained  essentially  invariant  from 
the  initial  value  of  approximately  540°R,  thus  T /TO  * 0.20  to  0.38  which 
approximates  the  condition  of  practical  interestWfor  re-entry  vehicles. 

2.2  MODEL 

The  test  articles  (existing  VKF  models)  consisted  of  a 43.753  inch 
(blunt  length)  cone  illustrated  in  Fig.  4 to  which  a 14-deg  biconic  nose 
could  be  added  (Fig.  5)  and  a 5-deg  cone  illustrated  in  Fig.  6.  Details 
of  gage  locations  are  presented  in  Tables  1,  2,  and  3 of  Appendix  B.  The 
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nominal  surface  roughness  for  all  models  was  32  microinches . Both  dis- 
tributed roughness  and  spherical  type  boundary  layer  trips  were  used. 
Their  application  to  the  various  models  is  shown  In  Table  4 and  trip 
details  are  given  in  Table  5 of  Appendix  B. 

A small  boundary  layer  survey  rake  was  attached  to  the  base  of  the 
7-deg  model  on  all  runs  as  shown  in  Fig.  7.  The  rake  was  not  used  on 
the  5-deg  model. 


2 . 3 INSTRUMENTATION  AND  MEASUREMENT  ACCURACY 

2.3.1  Test  Conditions 

The  test  section  was  instrumented  with  various  probes  to  monitor 
the  tunnel  conditions.  These  probes  comprised  two  hemisphere  cylinders 
instrumented  with  coaxial  heat-transfer  gages  and  two  pitot  pressures. 

The  probes  were  mounted  at  an  appropriate  distance  from  the  model  to 
eliminate  shock  interference.  In  addition,  four  static  pressure  trans- 
ducers were  Installed  at  Sta  365  in  the  40-inch  diam  nozzle. 

The  diameter  of  the  hemisphere  cylinder  heat  probes  was  selected  as 
the  maximum  size  that  would  maintain  a laminar  boundary  layer  at  the 
shoulder  gage  locations.  This  criterion  dictated  1/2-in-diam  probes  at 
the  Mach  9 test  condition.  The  hemisphere  cylinders  were  instrumented 
with  coaxial  surface  thermocouples  to  measure  the  heat  transfer  rate  at 
the  stagnation  and  shoulder  location.  The  reference  stagnation  heat 
transfer  rate  QREF  on  a sphere  was  obtained  by  inferring  the  shoulder 
readings  to  the  stagnation  point. 

Pressure  measurements  were  obtained  using  standard  AEDC-VKF  strain- 
gage  transducers.  The  free-stream  pitot  pressure  POPwas  measured  with 
15-f  100-,  or  300-psid  transducers  featuring  a sealed  reference  port. 

The  nozzle  static  pressure  measurements  were  obtained  with  1-  or  15-psid 
transducers  referenced  to  vacuum  or  atmosphere,  respectively.  These 
pitot  and  static  measurements  are  used  to  determine  free  stream  Mach 
number  (see  Section  3.2). 

Transducer  accuracy  is  defined  as  a bandwidth  which  includes  95 
percent  of  the  calibration  residuals,  i.e.  2a  deviations.  Based  on 
periodic  comparisons  with  secondary  standards,  the  accuracy  of  the 
pressure  transducers  is  estimated  to  be  ±1  percent  of  their  reading. 
Likewise,  coaxial  thermocouple  accuracy  is  estimated  to  be  ±3  percent 
of  their  reading  based  upon  laboratory  calibrations  and  comparison  with 
a working  standard. 

2.3.2  Model  Instrumentation 

Model  pressures  were  measured  with  Internally  mounted  pressure 
transducers  built  and  installed  by  AEDC-VKF.  For  pressures  greater  than 
1 psid,  a wafer  style  semiconductor  strain  gage  transducer  with  a sealed 
reference  port  was  used.  For  pressures  less  than  1 psid,  a similar 
wafer  transducer  was  used  with  the  reference  port  at  near  vacuum  pressure. 
The  wafer  transducer  is  nominally  0.56  In.  diam  by  0.25  in.  thick. 
Application  of  a differential  pressure  produces  a force  on  the  metal 
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diaphragm.  The  diaphragm  is  instrumented  with  two  semiconductor  strain 
gages  which  sense  the  deflection.  Based  on  periodic  comparisons  with 
secondary  standards,  the  accuracy  of  these  transducers  is  estimated  to 
be  ±1  percent  of  reading. 

Coaxial  surface  thermocouple  gages  built  and  installed  by  AEDC-VKF 
were  used  to  measure  the  surface  heating  rate  distributions.  The  coaxial 
gage  consists  of  an  electrically  insulated  Chromel® center  conductor  en- 
closed in  a cylindrical  constantan  jacket.  After  assembly  and  Installation 
in  the  model,  the  gage  materials  are  blended  together  with  a jeweler's  file. 
This  results  in  thermal  and  electrical  contact  between  the  two  materials 
in  a thin  layer  at  the  surface  of  the  gage;  i.e.,  a surface  thermocouple. 

A second  result  of  filing  the  gage  surface  is  the  opportunity  for  "perfect" 
contouring  of  the  gage  to  the  model  surface,  a fact  that  is  important  for 
transition  studies  since  no  measurable  steps  or  gaps  are  introduced  by 
the  gages. 

In  practical  measurement  applications,  the  surface  thermocouple  be- 
haves as  a homogeneous,  one-dimensional,  semi- inf inite  solid.  The  instru- 
ment provides  an  electromotive  force  (E.M.F.)  directly  proportional  to 
surface  temperature  which  may  be  related  by  theory  to  the  incident  heat 
flux.  All  heat-transfer  gages  were  bench  calibrated  prior  to  their 
installation  Into  the  model.  Based  on  periodic  comparisons  with  the 
working  standard,  the  accuracy  of  the  gage  is  estimated  to  be  ±3  per- 
cent of  reading. 

All  Instrumentation  discussed  was  developed  at  AEDC  specifically  for 
Tunnel  F applications.  Further  description  and  discussion  can  be  found  in 
Ref 8.  2,  3,  and  4. 


3.0  PROCEDURES 

3.1  TEST  PROCEDURES 

The  primary  test  variables  were  model  cone  angle,  trip  configuration, 
and  Reynolds  number.  Angle-of-attack  was  held  at  zero.  The  minature 
boundary  layer  survey  rake  was  installed  at  the  aft  end  of  the  7-deg  cone 
and  biconic  model,  but  not  used  on  the  5-deg  cone.  The  objective  of  each 
run  was  to  establish  the  "effective  point"  of  each  trip  configuration;  i.e. 
the  Reynolds  number  at  which  the  trip  produces  fully  turbulent  flow  over 
the  entire  model.  A complete  listing  of  pertinent  variables  is  presented 
in  the  Run  Summary  (Table  4,  Appendix  B). 


3.2  TEST  CONDITIONS 

The  method  of  determining  the  tunnel  flow  conditions  is  briefly 
summarized  as  follows:  instantaneous  values  of  nozzle  static  pressure 
and  pitot  pressure  POP  are  measured,  and  an  instantaneous  value  of  the 
stagnation  heat  transfer  rate  QREF  is  inferred  from  a direct  measurement 
of  shoulder  heat  rates  on  the  hemisphere  cylinder  heat  probes.  Total 
enthalpy (HO)  is  calculated  from  POP  and  QREF  and  the  heat  probe  radius, 
using  fay-Riddell  theory.  Ref.  3.  The  free-stream  static  pressure  is 
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obtained  from  the  nozzle  static  pressures  in  a correlation  determined 
from  previous  detail  tunnel  calibrations.  The  Mach  number  Js  calculated 
from  the  isentropic  relationship  using  the  test  section  pitot  pressure 
and  static  pressure. 

The  centerline  pitot  pressure  on  the  test  model,  the  Mach  number  and 
130  are  then  used  to  calculate  the  free-stream  conditions  from  isentropic 
flow  equations  and  the  normal  shock  relationships.  The  isentropic  res- 
ervoir conditions  are  read  from  tabulated  thermodynamic  data  for  nitrogen 
(Ref.  6)  using  HO  and  s^/R,  The  equations  for  this  procedure  are  contained 
in  Refs.  7 and  8. 


Test  conditions  for  this  test  were 


Condition 

-INF 

'vro  °r 

'v  (RE/FT  x 10  6 ) Range 

i 

< 

1800 

18  to  8 

2 

2000 

12  to  5 

3 

2200 

5 to  3 

4 

1 

2500 

3 to  0.5 

3.3  DATA  ACQUISITION  AND  REDUCTION 

The  model  data  (pressure  and  heat  transfer  rate)  and  the 
tunnel  monitor  probe  data  were  recorded  on  the  Tunnel  F Transient  Data 
System  (TDS).  The  TDS  is  capable  of  scanning  the  100  available  data 
channels  at  preselected  rates  (normally  100*000  saraples/sec) . Data  for 
an  entire  run  were  stored  on  the  disk  unit  of  a PDF  11/40  Computer  which 
is  an  integral  part  of  the  TDS.  The  run  data  plus  calibration  results 
and  model  constants  are  transmitted  to  an  off  line  digital  computer  for 
final  data  reduction. 

Since  Tunnel  F operates  with  a constant  volume  reservoir  with  an 
initial  charge  density,  the  reservoir  conditions  decay  with  time.  As  a 
result,  all  tunnel  conditions  and  model  data  results  vary  with  time  during 
the  useful  data  range.  Nondimens ional  values  such  as  M-INF  and  model 
pressure /POP  are  relatively  constant  with  time.  Timewise  variations  in 
Reynolds  number  permit  acquisition  of  data  at  different  Reynolds  numbers 
for  the  same  run. 


4.0  DATA  UNCERTAINTY 


4.1  TEST  CONDITIONS 

The  accuracy  of  the  transducer  output  (pressure  and  heat  trans- 
fer rate)  under  laboratory  conditions  was  discussed  in  Section  2.3.  The 
uncertainties  of  measured  data,  however,  are  higher  due  to  the  dynamics  of 
the  measurements  and  system  errors.  The  uncertainties  in  the  monitor  probe 
measurements  (POP  and  Q0)  were  estimated  considering  both  the  static  load 
calibrations  and  the  repeatability  of  the  test  section  pitot  profiles.  The 
uncertainty  in  the  pressure  data  (POP)  is  estimated  to  be  +4  percent  for  a 
single  measurement  and  ±3  percent  based  on  an  average  of  two  measurements. 

The  heat  transfer  rate  (Q0)  uncertainty  is  ±9  percent  based  on  a single 
measurement  and  ±5  percent  based  on  an  average  of  four  measurements.  The 
uncertainty  in  the  Mach  number  (M-INF)  determined  from  the  nozzle  static  pres- 
sure correlation  is  ±3  percent. 
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The  accuracy  (based  on  2a  deviation)  of  the  basic  tunnel  parameters, 
POP,  QO  and  M-INF  (see  Section  2.3)  was  combined  by  the  Taylor  series  method 
of  error  propagation  to  estimate  uncertainties  in  the  other  free-stream 
parameters  using  Eq.  (1). 


(AF)2 


+ 


(1) 


where  AF  is  the  absolute  uncertainty  in  the  dependent  parameter 

F » f (X.| , X2,  X^ X^)  and  X^  are  the  independent  parameters  (or  basic 

measurements).  AX^  are  the  uncertainties  (errors)  in  the  independent 
measurements  (or  variables) . Representative  uncertainties  are  given  below 


UNCERTAINTY  t,  PERCENT 

P-INF  T-INF  RE/FT 

7 8 11 


4 . 2 MODEL  DATA 

The  uncertainty  estimates  for  the  model  heat-transfer  rate  and  pres- 
sure data  are  given  below  in  terms  of  the  absolute  level  measured.  The 
reference  heat  transfer  rate,  QO,  uncertainty  is  ±5  percent  and  POP  is  ±3 
percent.  Therefore,  the  uncertainty  of  the  nondlmensional  ratio  Q/QO  and 
P/POP  by  the  Taylor  series  method  of  error  propagation  (Eq.  1)  yields  the 
following: 


UNCERTAINTY  (t) , PERCENT 


Q Range 
2 

Btu/ft  -sec 
> 1.0 
0.2  -*  1.0 


Q/QO 

9 10 

14  15 


P Range 

psia  JP  P/POP 

>0.5  4 5 

<0.5  9 10 


5.0  DATA  PACKAGE  PRESENTATION 

A sample  of  the  test  results  in  the  form  of  tabulated  timewise  data 
and  computer  generated  plots  is  presented  in  Appendix  C.  The  timewise 
variation  of  Reynolds  number  during  a typical  Tunnel  F run  makes  it 
particulary  attractive  for  transition  type  testing.  Sufficient  time- 
points  were  provided  on  all  runs  such  that  variations  in  transition 
location  can  be  observed. 
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Experimental  results  are  shown  in  Fig.  8 for  the  case  of  run  6010. 
Comparison  of  these  results  with  laminar  and  turbulent  theory  shows 
excellent  agreement  which  is  considered  adequate  validation  of  the  data 
quality. 

These  data  represent  an  expansion  of  earlier  work  by  Boudreau  (Ref. 
9)  and  may  be  compared  directly  with  those  results. 
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Figure  1.  AEDC-VKF  Tunnel  F Plant. 
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Model  Details  - Seven  Degree  Cone 
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TABLE  1 


St  S/Rfl  for  7-deg  Cone 


Gage 

S 

s/rn 

Gage 

S 

s/rn 

Name 

inches 

Name 

inches 

OQ6 

1.95 

3.31 

OQ27 

23.25 

39.47 

OQ7 

2.95 

5.01 

OQ28 

24.26 

41.19 

OQ8 

4.06 

6.89 

OQ29 

25.27 

42.90 

OQ9 

5.08 

8.62 

OQ30 

26.28 

44.62 

OQIO 

6.09 

10.33 

OQ31 

27.29 

46.33 

OQ11 

7.10 

12.05 

OQ32 

28.30 

48.05 

OQ12 

8.11 

13.77 

OQ33 

29.31 

49.76 

OQ13 

9.13 

15.50 

0Q34 

30.32 

51.48 

OQ14 

10.14 

17.22 

OQ35 

31.32 

53.17 

OQ15 

11.15 

18.93 

OQ37 

33.34 

56.60 

OQ16 

12.16 

20.65 

OQ39 

35.36 

60.03 

OQ17 

13.17 

22.36 

OQ41 

37.39 

63.48 

OQ18 

14.18 

24.07 

0Q43 

39.39 

66.89 

OQ19 

15.19 

25.79 

OQ45 

41.41 

70.31 

OQ20 

16.20 

27.50 

OQ47 

43.44 

73.75 

OQ21 

17.21 

29.22 

90P47 

43.44 

73.75 

OQ22 

18.22 

30.93 

27P47 

43.44 

73.75 

OQ23 

19.22 

32.63 

OQ24 

20.23 

34.35 

OQ25 

21.24 

36.06 

OQ26 

22.24 

37.76 
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TABLE  2 


S,  S/Rn  for  Bi conic  Model 


Gage 

S 

s/rn 

Gage 

S 

S/rn 

Name 

inches 

Name 

inches 

14Q1 

1.42 

2.41 

OQ32 

14.81 

25.14 

14Q2 

2.45 

4.16 

0Q33 

15.82 

26.86 

14Q3 

3.48 

5.91 

OQ34 

16.83 

28.57 

14Q4 

4.51 

7.66 

OQ35 

17.84 

30.29 

14Q5 

5.54 

9.41 

OQ36 

18.84 

31 .99 

14Q6 

6.57 

11.15 

OQ37 

19.85 

33.70 

14Q7 

7.60 

12.90 

OQ38 

20.85 

35.40 

14Q8 

8.63 

14.65 

OQ39 

21.86 

37.11 

14Q9 

9 . 66 

16.40 

OQ40 

22.87 

38.83 

14Q10 

10.69 

18.15 

0Q41 

23.88 

40.54 

14Q11 

11,72 

19.90 

OQ42 

24.89 

42.26 

14Q12 

12.75 

21.65 

0Q43 

25.90 

43.97 

14Q13 

13,78 

23.40 

OQ44 

26.90 

45.67 

14Q14 

1,42 

2.41 

0Q45 

27.91 

47.39 

14Q15 

2.45 

4.16 

0Q46 

28.92 

49.10 

14Q16 

3.48 

5.91 

OQ47 

29.92 

50.80 

14Q17 

4.51 

7.66 

14Q18 

5.54 

9.41 

18Q32 

14.81 

25.14 

14Q19 

6.57 

11.15 

18Q34 

16.83 

28.57 

14Q20 

7.60 

12.90 

18Q36 

18.84 

31.99 

14Q21 

8.63 

14.65 

18Q38 

20.85 

35.40 

14Q22 

9 . 66 

16.40 

18Q39 

21.86 

37.11 

14Q23 

10.69 

18.15 

18Q40 

22.87 

38.83 

14Q24 

11.72 

19.90 

18Q41 

23.88 

40.54 

14Q25 

12.75 

21.65 

18Q42 

24.89 

42.26 

14Q26 

13.78 

23.40 

18Q43 

25.90 

43.97 

18Q44 

26.90 

45.67 

18Q46 

28.92 

49 . 10 

18Q47 

29.92 

50.80 

90P47 

29.92 

50.80 

27P47 

29.92 

50.80 
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TABLE  3 


S,  S/Rxt  for  5 -deg  Cone 
N 


Gage 

S 

s/Rn 

Gage 

S 

S/Rn 

Name 

inches 

Name 

inches 

0Q1 

5.00 

10.00 

OP1 

12.50 

25.00 

0Q2 

6.25 

12.50 

0P2 

15.00 

30.00 

OQ3 

7.50 

15.00 

0P3 

17.50 

35.00 

OQ4 

10.00 

20.00 

0P4 

20.00 

40.00 

OQ5 

12.90 

25.80 

OP5 

22.50 

45.00 

OQ6 

15.90 

31.80 

0P6 

25.00 

50.00 

OQ7 

18.90 

37.80 

OP7 

27.50 

55.00 

OQ8 

21.90 

43.80 

OQ9 

24.50 

49.00 

OQIO 

27.90 

55.80 

18Q1 

5.00 

10.00 

18P1 

12.50 

25.00 

18Q2 

6.25 

12.50 

18P3 

17.50 

25.00 

18Q3 

7.50 

15.00 

18P5 

22.50 

45.00 

18Q4 

10.00 

20.00 

18P7 

27.50 

55.00 

18Q5 

12.90 

25.80 

18Q6 

15.90 

31.80 

18Q7 

18.90 

37.80 

18Q8 

21.90 

43.80 

18Q9 

24.90 

49.80 

18Q10 

27.90 

55.80 

21 


| Table  4 
i Rub  Summary 


SA/WSO  / DOT  ft  My/?  et*  sonic  “Tt/*/?.  8.  /.  JZV»  ves  /,  Phase  7 


TToly  - 1*17$ 

M-INF  & 9 


Model 

7*fp  Co*4iefuratfA* 

RE /FT* 

/?C4H  Af</**hCh 

7-de 

a Qone 

Smooth  “ Mo  t>if> 

6. 3 — 

20.  3 

60  os 

5-  mil  G**t  Bt&si 

G.O  -» 

20.5 

6006 

•t  " it 

U -> 

/0.W 

60  Jo 

8 -Mi!  A/C*7 

2.5  —> 

iO.O 

Co  i3 

/*/-  Mt7  Gyi  f 

LB  -*■ 

5.1 

Coo  7 

M-«it  MC/y) 

1.7  -y 

V.5 

600  8 

HO -mil  Grit 

.5  —y 

3J 

€009 

.053  £ . fO^-in  5 ‘pirntol 

/.?  -*• 

5.7 

60  It 

} 

t 

ft  « H 

2.0  — > 

B.i 

CO/Z 

* 

* 

, 7-Je, 

Smooth  - Alt  ihip 

7.6  — ► 

20.8 

€0/6 

8tcorti*c 

/O- mil  Gni  f" 

2.2  — ► 

tO.  3 

€0/9 

/H  ■ toif  G^if 

/ 2.0  — y 

5.2 

€0/7 

ii 

t 

•039-  in.  Spherical 

i.  7 —y 

5.1 

€0/9 

6-Meet  Cone. 

/O-mif  Gy  if 

5.1  — * 

le.z 

6023 

tt  ** 

2.3 

to.  3 

€029 

/*/  - mi!  Gy  if 

2.0  — ► 

/0.I 

€0  20 

Zo- mi!  Gy  if' 

t.S  *- 

to.o 

€02\ 

r 

36 -mil  Gy  if 

i.l  —y 

to.s 

€0  22. 

* A/ote  : Huns  tOW  a.i et  €0t5  were  wt  putt  of  ihtt  test £". 

1 See  %IU  S to,  Jo  iail$  0$  £c*4 iqurciti  C*\z 
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Table  5 

Trip  Description 


Type  of  ~ft~ip 

DcSCb'lpt  ior\ 

G-hit  Blast 

Surface  roughness  was  produced  by  impacting  ho  refer  cd  steel 

partic/es  onto  the  stainless  steel  nose.  RMS  peak  - t o - 

\sa//cy  roughness  height  was  £T-  mils  . Rowahnexs  extended 

front  S/RN*=  O to  . D 

Nutnet-ica/ty 

Con  ttolle.  ef  Mo  chine  (ffCM) 

Roughness  elements  were  machined  as  pyramids  r/ith  a total 
height  ( peak  - fe*  va/f^y/  of  3 and  IV-  mils.  The  base  plane 
of  the  pyramids  g was  recessed  */s  of  the  height,  belou*  the 
unaltered  mode!  *urfact*  The  roughness  extended 
from  S/RN  - . IQ  fa  £T  - 

Qrr\t 

Roughness  elements  consisted  of  silicon  Carbide  gna£ 

particles  bonded  to  the  model  surface:  with  ex^xy.  Grit 

Si  30  s or  /0j  /Vy  2*0,  36 j cthd  *fO  mil*  were-  used  on  it 
coverage  extended  ff-orvt  S/RAf  = #fl  to  S . 

.063  4 .f09-m.  Spheres 

C T-dey.  Model) 

Tripping  e/ements  consisted  of  two  rcw$  of  Spheres  : Cl 
row  &f  . 063- in  spheres  a.  t */Rtf  = 3./  aid  a ro*+J  of 

•JO 9 - in  spheres  5/rn  — 6*  S’  , Lateral  spacing  was 

four  diameters  * The  spheres  were  sy*o£  welded  to  thin 
metal  bands  which  were  then  bonded  fa  the  model. 

• 03  9 -in.  Spheres 

C /y  “ 7 - dey  B iconic) 

Tripping  efem  ents  consisted  of  a single  hot**  of  ,039-ih. 

spheres  at  S/ffN  “ 6.B  • The  spheres  wore  lateroffy 

spaced  four  diametlers  apart  and  Spot  welded  to 

thin  ynetaf  bands  which  wtrt  than,  bonded  to  the 

model  surface. 

APPENDIX  C 


SAMPLE  TABULATED  DATA 
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SVERDRUP-ARO  NC.  AEDC  DIVISION  . 

VON  KARMAN  GA  JYNAH1CS  FACILITY  1 

HYPERVELOCITY  UIND  TUNNEL  F 
ARNOLD  AIR  FORCE  STATION*  TN. 

SAMSO/DOTR  TURB.  B.L.  TEST  > V41F-5G  DATE  23-AUG-7B  PROJECT  ENGINEER  A. H. BOUDREAU 

RUN  6016 
ALPHA  0. 


Q0.ST  * BASED  ON  .589  INCH  RADIUS 
MODEL  LENGTH  -48.00  INCHES 


TIME 

P-INF 

T-INF 

V-INF 

M-1NF 

Q-INF 

RE-'FT 

PO 

TO 

HO 

Q0 

ST 

POP 

PREF 

MSEC 

PSIR 

DEG  R 

FT/SEC 

PSIR 

X10-6 

PSIR 

DEG  R 

BTU/LBM 

BTU/FT2-SEC 

PSIR 

PSIR 

66 

0.4585 

101.0 

4441. 

0.86 

25.21 

20. 7B 

7414. 

1584. 

4. 19E+02 

84.66 

9. 12E+02 

46.71 

46.71 

69 

0.4391 

105.0 

4546. 

0.07 

24. 16 

10.57 

7219. 

1656. 

4.39E+92 

B9.88 

9.53E+02 

44.77 

44.77 

63 

0,3740  ‘ 

115.2 

4867. 

9,09 

21.64 

14.27 

7435. 

1872. 

5.02E-KJ2 

102.82 

1 .08E+03 

40.15 

40.15 

100 

0.3319 

130.5 

5024. 

9.82 

18.07 

10.19 

5758. 

2009. 

5.36E+82 

103.53 

1.15E+03 

33.55- 

33.55 

n? 

0,2939 

138.4 

5056. 

8.62 

15.28 

a. B7 

4521. 

2050. 

S.45E+02 

97.31 

1.16E+03 

"28.38 

28.38 

132. 

0.2574 

132.2 

4936. 

8.61 

13.35 

7.56 

3936. 

1967. 

5. 19E+02 

65.00 

1.I1E+33 

24.78 

24.78 

1 


SGMSO/DOTR  TURB.  B.L.  TEST  ' V41F-56 

RUN  6016 
ALPHA  0. 


SVERDRUP-ARO,  1C.  AEDC  DIVISION 
VON  KARMAN  Gfi^  DYNAMICS  FACILITY 
HYPES VELOCITY  UIND  TUNNEL  F 
ARNOLD  AIR  FORCE  STATION,  TN. 

DATE  23-AUG-7B  PROJECT  ENGINEER  A.H 


PRESSURE  DATA 


PRESSURE,  PS I 


TIME 

27P47 

PR1 

£6 

1.0809E+00 

1.3801E+6I 

£9 

1 . 04S5E+80 1 

1.4125E+01 

03 

9.989SE-01 

1 . 3430E+0 1 

160 

8.736SE-0I 

1. 1359E+01 

117 

7,4730E-01 

9.8419E+00 

132 

6.4392E-01 

G. 70942+00 

TIME 

90P47 

68 

1 . 1087E+00 

69 

1.0717E+E0 

. 

63 

1 .0224E+00 

160 

8.8487E-01 

117 

7.6050E-01 

to  132 

6.6327E-01 

a* 

P ✓ PREF 

TIME 

27P47 

PR1 

66 

2.3141E-02 

2.9S47E-01 

69 

2.3442E-02 

3. I550E-01 

83 

2.4884E-02 

3.3452E-01 

166 

2.6839E-02 

S.3053E-01 

117 

2.6336E-02 

3.4SB4E-01 

132 

2.6185E-02 

3.5145E-01 

TIME 

90P47 

65 

2 . 3737E-02 

69 

2.3937E-02 

03 

2.5467E-02 

100 

2.6372E-02 

117 

2.6B01E-02 

;32 

2.67G5E-02 

PR2 

2.24S2E+01 
2.3306E+01 
2. I831E+01 
1.8S4LE+01 
1.S203E+01 
1.4553E+01 


PR2 

4.869 IE-01 
5.2056E-01 
5.4379E-01 
S.52S0E-0I 
5.7102E-01 
5.B724E-01 


PR3 

3.0983E+01 

3.1307E+01 

2.0454E+01 

2.3714E+31 

2.0557E+0I 

1.8495E+01 


p©-* 

6.6121E-01 
6 . 9926E-0 1 
7.0377E-01 
7.0677E-0I 
7.244SE-0I 
7.4632E-01 


PR4 

4.7393E+01 

4.B299E+01 

4.3292E+01 

3.5954E+01 

3.0S47E+01 

2.7349E+01 


PR4 

1.0147E+00 
1.0789E+03 
1.8784E+03 
1.07I6E+C0 
1 .0903E+Q0 
1 . 1036E+0O 


PRS 

6.8292E+01 
6.664SE+31 
5 . 9I65E+3 I 
4.8307E+01 
4.078SE+01 
3.5BB7E+01 


PRS 

1.4621E+0B 

I.4ES6E+00 

1.4737E+00 

l,4421E+00 

1.4373E+00 

1.4449E-t00 


PR7 

B.7309E+01 

8.2593E+01 

7.0S02E+01 

5„7661E+01 

4.0582E1O1 

4.2726E+01 


PR7 

1.8693E+00 

1.844SE+00 

1.7SSIE+08 

1.7191E+00 

1.7121E+00 

I.7241E+83 


■ PR8 
0.6350E+01 
8. I719E+0I 
7.0181E+01 
5. 7563E+0 I 
4.8724E+01 
4.28 13E+01 


PRS 

I.848GE+00 

1.8252E+00 

I.7481E400 

1.715SE+00 

I.7171E+00 

1.7276E+00 


PR9 

8.4596E+01 
8.B083E+01 
6.8533E+81 
5.6488E+31 
4.7914E+0J 
4. 1982E+01 


PR9 

1.81 12E+00 
1 .7B87E+00 
1.7036E+00 
1.6B35E+30 
I.6886E+00 
I.6941EH-00 


BOUDREAU 


PR10 
7.2122E+01 
6.B300E+01 
5.8B07E+91 
4.8823E+01 
4.2030E+31 
3 . 7333E+0 1 


PR  18 
1.5441E+03 
1.S255E+00 
1 . 4S43E+00 
I .4551E+00 
1 . 4830E+00 
1 . 53S5E+00 


SVERDRUP-ARO.  C.  AEDC  DIVISION  ‘ 

VON  KARMAN  GA.  JYNAMICS  FACILITY 
' HYPERVELOCITY  UIND  TUNNEL  F 

ARNOLD  AIR  FORCE  STATION.  TN. 

SAMSO/DOTR  TURB.  B.L.  TEST  Y41F-56  DATE  23-AUG-7B  PROJECT  ENGINEER  A.H.BOUDREAU 

RUN  6016 
ALPHA  6, 


HEAT-TRANFER  DATA 


HEAT  TRANSFER  RATE,  BTU-'FT^SEC 


\ 


TIME 

1401 

1402 

1403 

1404 

14Q5 

1406 

1407 

1408 

1409 

14Q10 

66 

8*9699 

7. 1682 

5.4367 

5.3774 

4.8336 

4.6878 

5.5219 

5.5822 

5*8450 

5.7771 

69 

9.3591  • 

7.4741 

5.6791 

5.6298 

5.6321 

4. 8366 

5.6671 

5.5699 

5.5967 

5.7216 

63 

10.3689 

8.2356 

6.4526 

6.4217 

5.7852 

5.4231 

6.2863 

6.1515 

6,8897 

6. 1927 

160 

9.9902 

7.9279 

6.3787 

6 . 3463 

5.8153 

5.3514 

6.Q599 

6.0279 

5.9242 

5.9035 

117 

9.6155 

7.1649 

5-6433 

5.8121 

5.3371 

4,7618 

5.4424 

5.3576 

5.2888 

5.2953 

132 

7.4150 

5.9166 

4.8285 

4.8762 

4.3694 

3.9447 

4.4273 

4.3476 

4.2652 

4. 1630 

TIME 

1401 1 

14012 

14Q13 

14Q14 

14015 

14Q17 

14018 

14019 

14020 

14021 

66 

6.1332 

7.3200 

8,0120 

9.1029 

€.5290 

4,9949 

5.6372 

5.6372 

5.5579 

5.0989 

69 

. 5.7037 

6.5421 

7.9514 

9.5394 

6.7773 

5.2902 

5.8776 

5.8526 

5.6869 

5.2265 

63 

6.1309 

6.8773 

0.2312 

10.6710 

7.2677 

5.9827 

6.5911 

6.5169 

6.4198 

5.8323 

100 

5.8205 

6.4218 

7.2511 
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